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Abstract 
Despite the wide practical use of rapid automatized naming (RAN) 
tasks for identifying dyslexic children, the origin of the RAN deficit 
in dyslexia remains unclear, probably due to the multicomponential 
nature of the task (Wolf & Bowers, 1999). Possible deficit in stimulus 
evaluation efficiency in Chinese dyslexic children (n =12) and CA 
control children (n=13) was investigated using the P3 ERP 
component in three versions of an oddball task (objects, letters and 
digits) using RAN stimuli. Behavioural RAN tasks were also 
admitted to evaluate whether Chinese dyslexic children performed 
differentially on each task. Though P3 latencies analysis did not 
suggest differences in visual processing speed between the two 
groups of readers, RAN performances showed that only digit RAN 
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discriminated dyslexic and control children, and dyslexic children 
showed more varied reaction times during the digit oddball task. The 
results are discussed in relation to automaticity of digit rapid naming 
processes and task demands. 
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Chapter 1: Introduction 
Rapid Naming in Chinese Dyslexic Children: A Glimpse 
In Hong Kong, there has been a rough estimation of 10% of 
children suffering from Specific Learning Disabilities (Wu, 2002). 
The Educational and Manpower Bureau reported about 3,600 students 
being currently identified by educational psychologists as having 
SLD, mainly dyslexia (Tse, 2005). Children suffering developmental 
dyslexia encounter difficulty in reading accuracy and/or fluency, 
without any defects in intelligence, learning motivation (Shaywitz & 
Shaywtz, 2005) or deprivation in learning environment (Lyon, 
Shaywitz & Shaywitz, 2003). Dyslexia has only been emphasized in 
local education quite recently after a long period of 
under-identification of dyslexic incidence in Hong Kong, probably 
due to a lack of appropriate procedures to identify dyslexic children in 
the past (Chan, Ho, Tsang, Lee & Chung, 2004). Examining children 
with mean age of around 8 years, Ho, Chan, Tsang and Lee (2002) 
and Ho, Chan, Lee, Tsang and Luan (2004) investigated the deficits 
Chinese dyslexic children in Hong Kong may suffer. They found that 
a rapid naming deficit is the most dominant type of impairment 
among the various cognitive areas in Chinese dyslexic children. Of 
utmost importance, Ho et al. (2004) found that normal children were 
much less likely to suffer from a rapid naming deficit. This was 
shown by the greatest percentage contrast in their sample (57% versus 
only 4% in normal chronological age matched children) compared 
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with other deficits. This renders the rapid naming deficit one of the 
best criteria to discriminate Chinese dyslexic and normal children, 
and is now a standard measure on the Hong Kong Test of Specific 
Learning Difficulties in Reading and Writing (Ho, Chan, Tsang & Lee， 
2000) to identify at risk children. Given the prevalence of the rapid 
naming deficit among Chinese dyslexic children and its 
discriminative effectiveness (Ho & Lai, 1999; Ho et al., 2002; Ho et 
al., 2004), studying the mechanisms essential for rapid naming ability 
should facilitate our understanding of Chinese dyslexia. 
What Is Rapid Naming 
Rapid naming concerns the fluency of verbal production 
independent of the individual's vocabulary knowledge, IQ and the 
like. A lot of children and adults with reading disability find it 
difficult to name rapidly the most familiar visual symbols and stimuli 
in the language; they "do not have blatant word-finding difficulties 
but are nevertheless significantly slower than their average-reading 
peers on continuous naming or naming speed tasks, in which they arc 
required to retrieve names for common, serially presented stimuli 
under conditions requiring time" (Wolf, et al., 2000, p. 387). The 
most widely applied method to test one's naming speed is the rapid 
automatized naming (RAN) task. Developed by Dcnckla and Rudcl 
(1976)，individuals arc asked to name, as quickly and accurately as 
possible, a reasonably large number of items (20 一 50), comprising 
repetitions of 5 to 10 items, arranged in a matrix on a page. Four 
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versions of the RAN tasks are generally adopted: object drawings, 
single numbers (digits), letters and color patches. The total time one 
needs to complete the list is the most fundamental measure. This total 
time can be refined into articulation and pause time of individual 
items (e.g. Georgiou, Parrila, & Kirby，2006; Neuhaus, Foorman, 
Francis, & Carlson，2001). Articulation time refers to the period of 
time generating the verbal output, whereas pause time refers to the 
period of time between successive articulations. There are also more 
complicated RAN tasks, such as using items across categories within 
the same trial (Wolf, as cited in Narhi et al., 2006), or hybrid items 
(e.g. a digit embedded in a shape; Sluis, de Jong & van der Leij, 2004) 
for researchers to tap additional cognitive abilities. 
The significance of naming speed for understanding 
developmental dyslexia has been evident in the effectiveness of the 
RAN tasks in identifying at-risk children in various languages (e.g. 
Semrud-Clikeman, Guy, Griffin & Hynd，2000; Wolf et al., 2000), 
including Chinese. Dyslexic individuals are considerably slower than 
their normal counterparts. Specifically, this outcome is highly 
consistent when comparing dyslexic children with their chronological 
age (CA) matched control children. It is suggested that RAN is 
especially associated with impaired reading performance. For 
example, naming speed is found to associate with word reading only 
in poor readers but not good readers (McBride-Chang & Manis，1996). 
Using principal components analysis, Savage et al. (2005) observed 
that digit RAN loaded heavily on phonological processing and weakly 
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on a factor that tapped rapid speech processing in a sample of children 
with diverse levels of reading ability, from above-average to impaired 
readers. Such a result is in sharp contrast with their study using solely 
impaired, most of them dyslexic, children (Savage & Frederickson, 
2005). As a result, theories developed based on RAN tasks have been 
claimed to specifically cater for explaining reading disability (e.g. 
Walsh, Price & Gillingham, as cited in Meyer, Wood, Hart & Felton， 
1998a). 
The effectiveness of the RAN task could be attributed to the 
resemblance between rapid naming and actual reading scenarios (e.g. 
Neuhaus & Swank，2002; Wolf & Bowers, 1999). It is argued that a 
wide range of common cognitive processes are shared between 
reading and RAN, including perception and recognition of visual 
symbols; access and retrieval of either general or specific categories 
of verbal labels; attention; and articulation (de Jong & Vrielink，2004). 
Letter knowledge itself may also be an aspect of letter naming (Wolf 
et al.，2000; Neuhaus et al.，2001). In addition, the serial naming 
sequence children need to follow during RAN is found to be more 
correlated with reading skill than discrete naming (Wolf & Bowers， 
1999; Wolf et al., 2000). Seriality may tap extra processes such as 
scanning and sequencing strategies (Di Fillippo et al., 2006; Ho & Lai, 
1999). This is a crucial feature in most text reading and RAN is one 
of the few reading measures that actually make this the crux of the 
design (Misra, Katzir, Wolf & Poldrack, 2004). It is not difficult to 
see that both reading and RAN are multicomponential in nature. 
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Processing Speed Deficit and RAN Deficit in Chinese Dyslexia 
No doubt, then, one should be able to account for dyslexic's 
slow rapid naming by examining these processes, in Chinese and 
other languages alike. Two issues may be worth mentioning to justify 
our exploration of the complicated rapid naming processes in Chinese 
dyslexia. The first one is whether this speed deficit originates from 
phonological deficits. This is crucial to our discussion because the 
role of phonological processing in the RAN task is still under debate. 
If rapid naming relies considerably on phonological processing, its 
implication to the Chinese context may be difficult to explain since 
the functional significance of phonological processing in Chinese is 
not yet very clear cut (e.g. Ho et al., 2004). In other words, the 
phonological explanations offered by previous researchers may not be 
applicable to Chinese dyslexia. For instance, Penney, Leung, Chan, 
Meng and McBride-Chang (2005) performed a series of tests tapping 
both phonological specific and more general timing abilities on a 
sample of Chinese children in Hong Kong. They concluded that the 
slow behavioural performance was due to a general slowing in 
sensorimotor processes because they only found limited phonological 
deficits (e.g. in rime detection but not phoneme discrimination) but a 
relatively obvious disadvantage in the Stop-RT task, a reaction time 
paradigm tapping neglectible phonological ability but one's general 
temporal processing. A temporal deficit may not directly relate to 
naming speed, but suggested that a phonological deficit may be less 
of a core deficit in Chinese dyslexia. 
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If rapid naming is more than phonological processing, there 
may be some universal underlying RAN mechanisms that apply well 
to most languages. If naming speed is a factor independent from 
phonological factors, previous behavioral and electrophysiological 
RAN findings in alphabetic languages could lend support to the 
understanding of Chinese dyslexia more readily. Wolf and Bowers' 
(1999) proposal of the rapid integration of the various lower and 
higher-level visual and linguistic processes offers such an argument 
(de Jong & Vrielink，2004). They hypothesized that naming speed 
stems from the processing speed requirements (PSRs) demanded by 
each of these "subprocesses" in naming. Furthermore, the rapidity 
required in RAN as well as in normal text reading adds extra 
processing burden on top of PSRs as a need for efficient integration of 
all the subprocesses. Thus, RAN involves both "actual subprocesses 
used in reading and similar efficiency or processing speed 
requirements needed in subprocess integration" (Wolf & Bowers， 
1999，p. 430). The extent to which an individual achieves these 
requirements determines how well she or he performs on the RAN 
tasks. 
In fact, their double deficit hypothesis (Wolf & Bowers，1999) 
captures this idea of separating RAN from phonology nicely. The 
double deficit hypothesis was inspired by their observation that poor 
readers could be classified as having a single phonological deficit, a 
single naming speed deficit, or both. This last group, the double 
deficit group, tends to be the most impaired in reading skills. In their 
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model, two separate routes account for the deficits dyslexic 
individuals may suffer. The phonological route concerns impaired 
phonological processes, such as phonological awareness (PA). This 
route is also in line with the hypothesis that dyslexia is a phonological 
deficit with a genetic basis, upon which other symptoms may or may 
not manifest themselves depending on the pervasiveness of the 
genetic defect (Ramus, 2003). In Chinese, Ho and Lai (1999) 
suggested phonological memory deficits as the major problem faced 
by Chinese dyslexic children. They reason that Chinese includes far 
more grapheme-sound mappings that children need to leam than in 
alphabetic languages. If they cannot hold all the necessary lexical 
materials in short-term memory successfully when they read, their 
development of stable graphic-sound associations would be impaired 
and their reading ability disturbed. 
The distinct naming speed route refers to the PSRs. Wolf and 
Bowers (1999) postulated that this route concerns orthographical 
processing. Bowers and Newby-Clark (2002) provided a detailed 
review on the relationship between naming speed, speed of processing 
and orthographical skills and made explicit the outcome if this route 
is disrupted. They noted that "the ease of building up orthographic 
knowledge, or recognition of common or word specific letter patterns, 
from print exposure (p. 110)" is hampered by impaired processing 
speed. In alphabetic languages a word is leamt by combining its 
letters into a letter pattern within a critical time window. Dyslexic 
children may not be able to complete the combination in time since 
j 
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each letter is being processed for too long. Thus their reading suffers 
because their orthographic knowledge is disturbed and cannot be used 
for learning words with similar orthographic patterns (e.g. 
Newby-Clark & Bowers, as cited in Bowers & Newby-Clark, 2002). 
The prolonged orthographical processing speed is manifested as a 
longer total naming speed in a RAN scenario. Such a temporal 
integration problem may be present in Chinese. Though Chinese 
characters do not comprise letters, a similar relation between 
orthographic skill and reading speed could be conceptualized as an 
effective association of visually complicated Chinese characters 
(orthographic properties) with their phonological representations (e.g. 
Ho et al.，2004). 
In agreement with this conceptualization, Cutting and Denckla 
measured processing speed, verbal memory span, articulation rate, 
and phonological awareness and found only processing speed 
associate with rapid naming (as cited in Narhi et al., 2006). Other 
authors also operationalized subprocesses integration as cross modal 
combinations of linguistic inputs. Lachmann (2002) believed that a 
deterioration of the integration of phonological and visual information 
in working memory would bar children from forming accurate 
orthographic information of symbols and retrieving them. Breznitz 
and colleagues (e.g. Brezntiz & Berman，2003; Breznitz & Meyler， 
2003; Breznitz & Misra，2003) used electrophysiological evidence to 
argue that deficits in reading in dyslexic individuals may be due to a 
temporal 'mismatch' between relevant visual and auditory linguistic 
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information as the speed of processing (SOP) if some sensory systems 
are impaired, thereby disrupts linguistic processes such as forming 
coherent verbal knowledge. 
Empirically, a number of studies suggested a unique 
contribution of RAN on reading (e.g. Badian, 2005). Adopting the 
RAN tasks for British dyslexic and poor child readers (mean age 10 
years 7 months), Savage and Frederickson (2005) subjected data from 
the digit and picture RAN tasks and a number of reading measures to 
a factor analysis. They identified two factors, reading and rapid 
naming, and discovered that the phonological measures (nonsense 
word reading) was the single best predictor of reading accuracy and 
comprehension; digit naming speed, in contrast, was the strongest 
predictor of reading accuracy and rate. Both naming tasks loaded on 
rapid naming but not reading. Other studies showed naming speed 
and phonological measures correlating with different types of reading 
tasks. For instance, naming speed was only modestly correlated with 
performance on PA tasks and the correlation diminished with 
development (Wagner, Torgesen, & Rashotte，1999). In other studies, 
phonological decoding was found to contribute only to 
comprehension but not to reading speed measures (e.g. Wolf et al., 
2000; see Bowers & Newby-Clark, 2002). Moreover, performance on 
alphanumeric RAN has different predictive power modulated by the 
characteristics of the languages: while RAN is among the two best 
predictors of English word reading performance, it outperforms all 
other tasks in languages with more regular orthographies such as 
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German and Dutch (Wolf, Pfeil, Lotz, & Biddle，1994). It is reasoned 
that these languages have more regular structures that enable them to 
be decoded with less demand on readers' phonological skill than 
required by English. This echoes the finding that the RAN deficit, but 
not PA, is found to be the most dominant deficit among Chinese 
dyslexic children in Hong Kong (Ho et al., 2002; Ho et al., 2004). 
Thus, the above suggests that a RAN mechanism can be understood 
without the need to devote all the attention to phonological processes 
and it may concern processing speed issues that are probably present 
in Chinese dyslexia. Thus an experiment focusing on investigating 
processing speed should be useful. 
This is not to say that the two entities are completely 
independent of each other. Often a considerable correlation is found 
between phonological processing and rapid naming (Torgesen, 
Wagner, Rashotte, Burgess, & Hecht, as cited in Savage et al., 2005). 
This is not surprising given that RAN requires important phonological 
processing such as the retrieval of phonological codes from long-term 
memory (e.g. de Jong & van der Leij, 1999). Based on the significant 
relationship between discrete RAN and phonological memory tasks, 
Ho and Lai (1999) suspected a shared phonological basis between the 
two phenomena. Nevertheless, this brings out the second issue, i.e. 
naming speed should be treated as both an "independent" and 
"dependent" variable on reading and dyslexia (Breznitz & Berman, 
2003). Claiming a phonological origin of rapid naming deficit is like 
viewing the slower RAN speed as an outcome of a poor word 
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recognition process due to difficulties of phonological, orthographic, 
semantic or memory processes (Miller-Shaul, 2005). However, this 
may only be half the story. According to Wolf and Bowers' 
hypothesis, alternatively slow PSRs could be an inherent 
disadvantage that leads to further reading impairments in dyslexic 
readers. Breznitz and Berman (2003) reviewed several of their 
successes in improving text comprehension and decoding 
effectiveness among both normal and impaired readers, especially 
developmental dyslexics. They achieved by encouraging the readers 
to increase their reading speed, an observation termed as the 
'acceleration phenomenon'. As we can see, manipulating reading 
speed can cause changes to reading performance. It also suggests that 
dyslexic individuals can face more general cognitive disadvantages 
instead of a specific language disorder, because impaired PSRs can 
possibly occur in non-phonological processes such as stimulus 
perception during the rapid naming. Upon enriching our 
understanding of Chinese dyslexia, testing this hypothesis in Chinese 
dyslexic children may have educational implications. 
In summary, there remains much to analyze in RAN tasks 
apart from phonological processing. Wolf and Bower's (1999) 
hypothesis is appealing because it illustrates the possibility of a 
general speed deficit in Chinese dyslexia, as it highlights the 
importance of orthography-sound route in explaining dyslexia, on 
which Chinese character learning may rely more readily compared to 
phonology-sound mapping (e.g. McBride-Chang & Ho，2000). Manis, 
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Seidenberg, and Doi (1999) further postulated that RAN tasks in part 
tap the arbitrary links of symbols to spoken language. Compared to 
phonologically regular languages like English, Chinese character 
recognition is relatively more arbitrary given its more complicated 
and unpredictable grapheme-sound mapping. RAN tasks were also 
likely to involve the automatic mapping between arbitrary language 
and print information, making it especially powerful in Chinese (Shu 
et al.，2006). Following this vein, PSRs may contribute considerably 
to Chinese dyslexic children's RAN performance, as how automatic 
mapping can be achieved depends on subprocess PSRs and their 
integration efficiency. 
Consequence of Processing Speed Deficit: Automaticity 
Where could this impaired PSR be possible? It is this 
relationship between the multicomponential nature of rapid naming 
and the RAN speed that the current study attempts to examine in 
more detail. Here we try to seek out how these processes may affect 
Chinese dyslexic children's rapid naming performance. Besides 
understanding more the task nature of RAN (i.e. what deficits it is 
sensitive to), identifying core components that link RAN and reading 
performance more closely would facilitate early diagnosis and 
intervention attempts (Georgiou, Parrila & Kirby，2006). Indeed local 
researchers have long considered that the search for deficit profiles 
and the role of information processing in dyslexia could not keep up 
with the increasing recognition of the prevalence of the impairment in 
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societies using nonalphabetic scripts such as Chinese (Chan et al., 
2004; Ho et al., 2002; Penney et al., 2005). This may be 
supplemented by monitoring how different PSRs modulate RAN 
performance. A fundamental understanding on their relationship 
enable us to proceed to other practical questions, such as whether 
developmental changes in PSRs can be captured and explain the 
differential predictive power of RAN tasks across ages in both normal 
and deviant reader groups (e.g. Van Den Bos, Zijlstra & Spelberg, as 
cited in Compton, Olson, DeFries, & Pennington, 2002; Wolf et al., 
2000). For instance, Wolf et al. reported that naming speed for all 
stimulus categories in kindergarten predicted future reading 
performance in second grade, but only rapid naming of alphanumeric 
symbols did so concurrently in second grade (as cited in Compton et 
al., 2002). Currently, automaticity is the most widely accepted 
explanation on such differentiation issues. 
Attempts have been undergone to identify the contributing 
factors to the differences in the predictive power of object/color and 
letter/digit rapid naming. Wolf et al. (2000) attributed predictive 
power discrepancies in early readers and reading disabled individuals 
to the differential automatization of processing different types of 
stimuli. The more extensive exposure to letters and numbers 
compared to colors and objects results in rapid automatization of 
letter and number naming in most children and their subsequent 
strong and prolonged relationships with reading. In a longitudinal 
study, Meyer et al. (1998b) found that the letter/number naming 
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advantage over that of color/object emerges only after children begin 
to develop automatic processing of letters and numbers, providing 
another piece of evidence on the view of the importance of 
automaticity on rapid naming performance. One speculation of the 
crucial source of automatization is given by Narhi et al. (2006). They 
argue that whereas digits and letters are associated with a single 
response name, pictures of objects and colors may be not. A single 
name leads to a less diffused activation of multiple stimuli-name 
correspondences (Johnson, Paivio, & Clark, as cited in Narhi et al., 
2006), enabling the more strongly activated single alphanumeral 
names to be more easily generated. Verleger (as cited in Silva-Pereyra 
et al., 2001) discussed the possibility of two response routes, direct 
and slow. A slow route is used when a task is complex or unpractised. 
As skillfulness increases, stronger stimulus-response mapping is 
established and a shift to a direct route is possible without the need 
for devoting much effort. Automatization is also evident at the level 
of brain activation. As a demonstration, using electrophysiological 
signals, Tainturiera, Tamminen and Thierry (2005) showed brain 
response is modulated by the age of acquisition (AoA) of a word, 
with early-acquired words eliciting larger responses. This differential 
brain activation was accompanied by faster and higher accuracy of 
response to early than late-acquired words. These examples illustrate 
the relationship between processing efficiency and linguistic 
performance. If automaticity can be understood as processing 
efficiency, then it probably resonates with Wolf and Bowers (1999) 
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and Bowers and Newby-Clark's (2002) effective integration of 
subprocesses ("cascading midpoint", Wolf & Bowers, 1999), more 
than slow PSRs per se, so that the sequence of cognitive processes 
can be carried out smoothly with lower cognitive resources demands. 
Semrud-Clikeman, Guy and Griffin (2000) also stressed the 
importance of the degree of automatization on the differential 
performances in RAN, but they contrasted this across learning 
disorders. They compared ADHD children with reading disabled 
children on picture and digit naming and found that ADHD children 
are poorer on picture naming and reading disabled children digit 
naming. This suggests that picture naming draws more attentional 
resources than digit naming, owing to the automatization of digit 
naming (thus demanding fewer resources). Since ADHD children 
suffer attentional defects, they perform poorer on tasks tapping more 
attentional resources. 
As shown above, automaticity explains differential rapid 
naming predictive ability; it also differentiates different learning 
disabilities. Then, is it possible that differences in the ability to 
automatize naming processes also differentiate dyslexic readers from 
normal readers? If a lower automaticity of the naming processing is 
what affecting dyslexic readers leading to a slower rapid naming 
speed, it is reasonable to propose that speed deficits can originate 
from multiple sources. In fact, some dyslexic theories assert that 
dyslexic individuals suffered from a poor ability to automatize 
cognitive processes not confined to phonological levels, but also in 
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stimulus evaluation and motor and such leads to impairment including 
a RAN performance deficiency (e.g. Nicolson & Fawcett, as cited in 
Savage et al., 2005). This is regarded as the multiple deficits 
hypotheses (Ho et al., 2002). Dyslexic individuals could have 
different profiles of cognitive deficits ranging from phonological, 
naming speed to orthographic processing, to name but a few (e.g. Ho 
et al., 2004). It shares with the double deficit hypothesis that the RAN 
disadvantage could be prompted by deficits at various stages, neither 
limited to phonological nor orthographical processes. Evidence on the 
multiple deficits hypothesis to explain slow RAN task performance 
has been mixed. Some authors found dyslexic children do not show 
slow articulation (Van Daal & van der Leij, 1999) or slow visual 
processing (Wimmer & Mayringer，as cited from Raberger & 
Wimmer, 2003), whereas some have observed problems linked to 
motor production (e.g. Snyder & Downey，1995) in RAN tasks. In 
Chinese, dyslexic children may have different cognitive deficit 
profiles from one another (Ho et al., 2002; Ho et al., 2004); but 
whether these deficits would affect their RAN performance remains 
to be specified. 
Automaticity and Attention 
Impaired automatization may not be solely due to slow 
processing speed, but also have an interaction with other factors, 
particularly attention as shown in Semrud-Clikeman, Guy and 
Griffin's (2000) study. Besides the selective attention to the item 
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needed at the very beginning of the name episode, attention may 
affect the "cascading" effect (Wolf & Bowers, 1999), i.e. integration 
of the subprocesses. Defect attentional processes would impede the 
degree of automaticity one could achieve in the naming process. It 
can be that sluggish attention interferes with the smooth transition 
from one process to the next, making efficient integration impossible. 
The relationship between attention and automaticity in dyslexic 
individuals can be further illustrated by attention studies. For example, 
attentional blink (AB) is a paradigm where two different targets, 
usually a digit or letter, are embedded among distracters when a 
stream of stimuli is presented serially in a rapid manner. The 
difficulty to detect the second target increases when the number of 
intervening items (essentially the elapsed time) between the two 
targets decreases. Lacroix et al. (2005) studied AB with French 
dyslexic adolescents and found surprisingly that dyslexic individuals' 
performance in detecting the second target was supreme over that of 
the control readers. They speculated that this might reflect the failure 
of dyslexic individuals to automatize their episodic processing, i.e. 
normal readers will automatically "elaborate" on the semantic content 
of first target, taking up resources that are supposed to be allocated to 
detecting the second target, but dyslexic readers would engage in a 
shallower elaboration and thus detect the second target with relative 
ease. Interesting, while Lacroix et al. (2005) identified an "advantage" 
in dyslexic individuals, Visser, Boden and Giaschi (2004) reported the 
opposite: dyslexic children were comparable to RL control children 
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and worse than CA control children in a typical AB paradigm; if the 
spatial locations of the stimulus were also manipulated, dyslexic 
children were worse than both control groups. Although the two AB 
experiments present competing outcomes, they both point to 
attention-related processing characteristics, if not deficiency, 
comparing dyslexic individuals with normal readers. While their 
outcomes oppose each other, both can be understood as a result of 
automatization being disrupted by attentional demands. In the first 
case, an otherwise automatic semantic elaboration is "halted" under 
rapid processing; in the latter, the efficient transition of processing 
from the first to the next target is dampened under increased spatial 
attention demands. In particular, a spatial attention deficit has been 
implicated in studies on dyslexic adults, such as peripheral attention 
problems in the individual's visual field (Buchholz & Davies，2005) 
and automatic spatial attention orientation (Facoetti et al., 2003). How 
attention interacts with automatization of RAN remains to be 
elucidated, but their results show that both dyslexic readers' 
automatization of cognitive processes as well as attention, both of 
which affect RAN speed, can be impaired. Therefore, automaticity 
may explain RAN performance in two ways: 1) readers may perform 
differentially on different versions of RAN task due to differential 
extent of automaticity among the naming scenarios; 2) dyslexic 
readers are slow in RAN tasks because their integration of the 
subprocesses is not optimally achieved. 
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Discriminative Power of RAN Tasks 
So far the discussion of automaticity has been 
"unidimensional", such as the evident difference across RAN versions, 
across disability groups, as well as across reading groups. What about 
"Bidimensional", i.e. why are certain versions of RAN tasks more 
effective in distinguishing dyslexic and normal readers? Refering 
back to Ho and colleagues' (2002, 2004) cognitive deficits profiling 
of Chinese dyslexic children in Hong Kong adopting color, digit and 
object rapid naming, they found that 53% of their 30 dyslexic 
children performed poorly in digit rapid naming and 60% in color, but 
not object (Ho et al., 2002). In the latter study (2004), relying on the 
digit rapid naming to assist their more detailed profiling of the deficits, 
they found that 57% of the dyslexic children in this larger sample (n = 
147) had rapid naming deficit, which was the most dominant type of 
deficit followed by an orthographic deficit. How should this be 
understood in terms of automaticity? Indeed, it can be said that each 
rapid naming task has its 'critical periods' as well as pros and cons 
under different circumstances. 
Object rapid naming. Concerning applicability, if children are 
able to name letters, then they can be tested even before they are able 
to read, rendering it a candidate of pre-reading predictors of later 
reading achievement (Neuhaus, Foorman, Francis & Carlson, 2001). 
Some also believe that picture naming may provide a more 
naturalistic and direct assessment of language ability compared to 
metalinguistic ability measures like phonological awareness (Nation, 
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2005). In this practical regard both letter and object naming have 
comparable benefits on testing very young readers. In addition, as the 
naming of letters is not yet automatized, its advantage on processing 
efficiency is still not obvious. This explains similar predictive ability 
of the object and alphanumeric RAN tasks during early years (Wolf et 
al., 2000). However, as exposure and practice on symbolic materials 
increase dramatically after formal education begins, object naming 
may fall behind alphanumeric naming due to difference in 
automaticity (Meyer et al., 1998b); also, it is believed that even for 
normal children, object naming is still a taxing process due to reasons 
such as a more diffused item-name mapping (Narhi et al., 2006), 
rendering a less discrepant naming skill between normal and impaired 
readers. Last but not least, object naming may possess an inherent 
shortcoming in reading prediction: it shares less common processes 
with reading. Misra, Katzir, Wolf and Poldrack (2004) conducted an 
fMRI study on normal adults when they performed letter and object 
RAN tasks (fMRI is a technique of detecting concentration of 
oxygenated and deoxygenated blood to infer brain activities. Regions 
that are active supposedly need more oxygen for the enhance activity, 
thus generating more deoxygenated blood). They observed 
considerable overlap in the neural networks triggered by the two tasks 
respectively, but the angular gyrus, an area thought to be responsible 
for interpretation of orthographic symbols, was significantly more 
active in the letter RAN compared with the object RAN. This 
activation pattern is more like that of actual reading and may explain 
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the stronger relationship between letter naming and reading than that 
of object naming. Studies using MEG (a brain imaging technique 
measuring magnetic signals generated from electrical brain activities) 
also point to differences in picture and word processing in dyslexic 
children (Trauzettel-Klosinski, DUmvachter, Klosinski, Braun, 2006). 
As a result, even for dyslexic children, a population in which rapid 
naming is especially predictive of reading skill, object naming may 
lose its power relatively early, not to mention using it for separating 
dyslexic children from normal children. 
Letter rapid naming. Letter naming is consistently found to be 
powerful in explaining reading in alphabetic languages, but its 
manifestation in Chinese is somewhat unclear. As mentioned earlier, 
the role of phonological processes in Chinese word recognition 
remains to be established more clearly. Therefore, poor performance 
in this version by Chinese children does not necessarily point to the 
conclusion that their phonological processing must be impaired. 
Indeed from the neuropsychological perspective, whether dyslexia is 
"universal" at this level is debatable. While some argue that virtually 
all languages require grapheme-phoneme mapping and thus similar 
brain areas may be affected in dyslexia across languages (e.g. Ziegler, 
2006), others claim that an emphasis on orthography in Chinese 
should render Chinese dyslexia a different neuroanatomical deficit 
morphology than that of phonology-based alphabetic dyslexia (e.g. 
Siok, Perfetti, Jin & Tan, 2004). What complicates the situation is 
bilingualism. English is most of the time a second language in places 
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like Hong Kong. Children's performance on a second language RAN 
may not be generalizable to their reading ability in their mother 
tongue because letter naming is not as typically used in Hong Kong as 
in places where English is the first language. This certainly limits the 
application of letter naming as a reliable tool for either differentiating 
normal and troubled readers or understanding Chinese dyslexia more 
thoroughly, given these unresolved barriers. Nevertheless, letter RAN 
may be expected to discriminate among Hong Kong children who 
have been bilinguals since they were young. It is conceivable that 
dyslexic children may also perform less satisfactorily in letter rapid 
naming. The few reports on this issue support the idea that Chinese 
dyslexic children do show difficulties in learning English as well, 
with exceptions (e.g. Ho & Fong, 2005). From the perspective of 
normal development of Chinese reading skill, McBride-Chang and 
Ho (2000, 2005) postulated that there are universal aspects of 
phonological processing in Chinese and English. In the earlier study, 
they used syllable deletion instead of phoneme deletion to test 3 to 4 
year-old Hong Kong children and found that it predicted Chinese 
character recognition uniquely. On the other hand, after controlling 
for phonological processing, alphabetic letter naming also explained 
unique variance in recognition and it correlated significantly with the 
number rapid naming tasks included in the experiment. In the latter 
study they extended their findings in a 2-year longitudinal study and 
found that 1) only first language phonological-processing skills 
predicted concurrent but not later word recognition in both first and 
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second languages and 2) letter-name knowledge is a strong predictor 
of later word recognition in both languages. Thus, the partially shared 
phonological processing between Chinese and English may affect 
letter RAN performance differently if Chinese dyslexic children 
suffer a phonological deficit; letter naming is possibly capturing the 
graphological -sound learning which is essential for both letter names 
and Chinese characters recognition; it is also a process that may be 
important in the RAN task. Dyslexic children may still be slower in 
letter RAN if their visual-paired associates learning ability is 
especially impaired. These issues, thus, require further investigation. 
Digit rapid naming. Apart from the "inherent" disadvantages 
of the other two RAN tasks, can the digit RAN advantage in isolating 
Chinese dyslexic children be justified in behavioral and brain imaging 
data? Concerning digits, Csepe, Sziics and Honbolygo (2003) 
proposed a 3-stage model for words as indicated by three distinct ERP 
electrophysiological components at different time windows. Their 
objective was to study normal word processing, but they made use of 
number words (written words) to contrast with words and dyslexic 
with normal Hungarian adults. First, they identified early NIOO/PIOO, 
brain responses corresponding to the sensory lexical access stage, as 
well as late positive component (LPC), corresponding to the early 
semantic access stage according to their taxonomy of the word 
processing system, differences comparing number words with words 
and pseudowords in normal adult readers. Second, compensated 
dyslexic adults were found to show different brain responses than 
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normal readers at a sensory lexical stage and subsequent lexical 
selection stage, as indicated by the N350. The use of number words 
and the relatively low sight frequency of number words may limit the 
applicability of their results to the argument here for a unique 
processing of digits compared to letters and objects, but it is unlikely 
that a mere lower sight frequency can ftilly account for such extensive 
lexical and semantic differences; also some of these distinctions could 
not be found when the comparison is between words and 
pseudowords, implying that orthographic differences too may not 
explain all the observations. Thus the representations of digits may 
possess some genuine discrepancies against those of letters and 
objects. Adding to this is McCloskey's (as cited in van der Sluis, de 
Jong & van der Leji, 2004) argument that digits may be conceptually 
different from letters, an insight derived from studying individuals 
suffering acquired dyscalculia. For instance, the concept of a digit is 
dependent on its position in the number, but this is not true for a letter 
in a word. It is likely that such conceptual/ semantic differences 
render the different versions of naming differentially relate to reading. 
Comparing the behavioral and ERP results across different RAN 
versions may give us some hints. It is hoped that these investigations 
of more detailed characteristics of the RAN task would assist us to 
leam more about the RAN task nature and the causes for Chinese 
dyslexia. For example, if all RAN tasks discriminate the reader 
groups, then some processes universal in all the RAN tasks are 
responsible for the slow naming speed; alternatively, if some RAN 
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versions do show a unique difference, would this difference occur at 
very early processing stages or later stages during a RAN task? 
Different sources of differences identified could lead to different 
subtyping of dyslexia or remedial actions (e.g. focus on perceptual 
training or phonological training), a goal many local researchers are 
striving for in order to give more appropriate help to children in need 
as early as possible (Chan et al., 2004), since developmental dyslexia 
can create obstacles for an individual well into adulthood 
(Miller-Shaul, 2005). 
Adopting ERP and Oddball Task to Investigate RAN Tasks 
Up to this point, the discussion of the nature of rapid naming 
is in favor of a view that a processing speed deficit is the cause of the 
RAN deficit of dyslexia: inherent slower processing speed may exist 
in any processes during the RAN scenario. This is not mutually 
exclusive from impaired PA, poorly formed phonological 
representations or other limitations in phonological processes (e.g. 
phonological memory, Ho & Lai，1999) leading to a prolonged access 
time. In fact the slow processing speed can result in poor quality of 
phonological processes (Bowers & Newby-Clark, 2002). 
High-temporal-resolution electrophysiological signals. As the 
subprocesses are carried out at very close temporal synchrony, 
behavioural measures obtained from RAN tasks may not be sensitive 
enough to investigate each processing stage in greater detail. 
Electrophyisological brain imaging techniques such as 
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electroencephalogram (EEG) and its derivative the event-related 
potential (ERP) that track cognitive processes online would be a 
useful tool to probe the processing speeds. EEG is the scalp-recording 
of the post-synaptic electrical potentials of groups of neurons 
activating in synchrony. ERP is generated from time-locked (usually 
measured at the time of stimulus onset) and artifact-free EEG signals 
elicited by a stimulus (thus the name 'event-related'). Peaks 
(maximum positive/ negative potential) with functional relevance in 
an ERP output are labeled according to the polarity and latency of 
peak occurrence, typically in accord to stimulus onset (e.g. 
NIOO/PIOO and N350 in Csepe, Szucs and Honbolygo's (2003) study). 
Functional significance of these components is inferred based on their 
sensitivity to the manipulations of the paradigm. 
The oddball task. One of the most widely adopted paradigms 
in studying dyslexia and RAN with ERP is the oddball paradigm. In a 
typical oddball task participants are asked to detect a stimulus that has 
low-probability of occurrence embedded in a stream of non-target 
stimuli. Targets and non-targets usually come from the same category 
with discrepancies in perceptual and/or semantic aspects. Variations 
include the involvement of more than one target and non-target items, 
or addition of a novel item (unexpected item neither belongs to target 
or non-target; for review see Polich, 2003). Participants may be asked 
to respond to targets only or both, with accuracy and speed 
emphasized. The actual task they perform can vary from simple 
stimulus classification (e.g. discriminate auditory /b/ and /p/, Breznitz 
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& Misra, 2003) to more demanding tasks such as lexical decision (e.g. 
Fosker & Thierry, 2004). 
The oddball task is a good tool to investigate RAN tasks 
because 1) it requires rapidity when participants respond, similar to 
that required for the RAN tasks; 2) they share processes such as 
selective attention, stimulus perception, feature detection, recognition, 
classification and memory related processes such as maintenance of 
items in working memory. Results derived from an ERP oddball 
paradigm may therefore be generalizable to our understanding of the 
RAN speed deficit. Moreover, by adopting different classification 
tasks we may be able to vary the phonological/orthographic demands 
(e.g. verbal code access and retrieval from memory) in the oddball 
paradigm, meaning that a stronger implication of a slow processing 
speed at nonlinguistic stage is possible by minimizing such demands 
when an oddball task is constructed. The two major dissimilarities 
between oddball and RAN tasks are 1) verbal response in oddball 
tasks is not feasible as muscular movements produce 
electrophysiological artifacts contaminating brain responses of 
interest and 2) stimuli are typically presented in discrete format in an 
oddball task compared to the page arrangement in RAN tasks. 
However, discrete rapid naming remains predictive of reading ability 
in both foreign and Chinese dyslexic children (e.g. Ho & Lai，1999); 
in this respect an oddball task may still be a reasonable match with 
RAN tasks. 
At this point Di Filippo et al.'s (2005) experiment is worth 
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mentioning. They were interested in examining what processes are 
critical for the predictive power of RAN tasks on reading speed and 
accuracy in average readers (grade one to six) using Italian, an 
orthographically regular language. Similar to our adoption of the 
oddball task to mimic rapid naming, they try to achieve this with the 
visual cancellation task, during which participants search a page of 
RAN stimuli and cross out pre-assigncd targets as quickly and 
accurately as possible. Such tasks are supposed to share with RAN 
tasks processes, namely visual scanning, target-distracter isolation 
and target identification. However, the visual cancellation task was 
found to correlate weakly with the RAN task only and did not 
contribute to predicting concurrent reading speed and accuracy. Based 
on this the authors concluded that for average readers, access to the 
lexicon but not the skills encompassed in the visual cancellation task 
are critical for effective rapid naming performance. Our rationale of 
using the oddball task to mimic the RAN task is similar to Di Filippo 
et al.'s: we try to capture some, though not all, necessary processes in 
a RAN task and investigate whether they are deficient that leads to 
impaired reading ability. Finally, apart from the shared processes, 
oddball is suitable for studying RAN because it reliably elicits a 
prominent ERP component, the P3b, which is a good indicator of 
processing speed, as detailed below. 
The ERPs. Core processing stages in a RAN task may roughly 
involve stimulus perception, recognition, memory access and retrieval 
of verbal labels, articulation; rapidity and seriality demands 
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sequencing of visual symbols and attention (de Jong & Vrielink, 2004; 
Ho & Lai, 1999); matrix arrangement of items further requires 
scanning, target-distracter isolation and target identification (Di 
Filippo et al., 2006). Wolf and Bowers (1999) describe the whole 
naming scenario in nine processes as the central components, each 
carrying its own PSR. They are namely 1) attention to the stimulus; 2) 
initial visual feature detection (identify angles, lines and other 
primitive visual attributes); 3) visual discrimination (discriminate one 
entity, for instance the to-be named item from neighboring items, Di 
Filippo et al., 2006); 4) orthographic identification (identify it as a 
linguistic input); 5) communicating concurrent visual information 
with stored orthographic representations; 6) integration of concurrent 
visual information with stored phonological representations; 7) access 
and retrieval of phonological codes; 8) activation of lexicon (semantic 
and conceptual information); and 9) motoric activation necessary for 
articulation. Not necessarily in a serial manner, these processes are 
activated in close temporal proximity. With careful experimental 
design some of these stages can be extracted for more thorough 
scrutiny using EEG. Electrophysiological findings on some of these 
stages tend to support the presence of a slow processing speed from 
multiple sources in dyslexic individuals. Current studies roughly 
categorize these stages into perceptual and stimulus 
evaluation/categorization phase, with attentional demands all through 
the naming scenario. Our stimulus discrimination oddball task is 
supposed to be sensitive to the stimulus evaluation phase and certain 
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aspects of attention. 
The perceptual phase refers to the initial selective attention to 
the low level processing of visual stimulus before the stimulus is 
recognized (stage 1 and 2). ERP components ranging between 
stimulus onset and around 200 ms are thought to reflect relatively 
primitive processing of input. Abnormality of N100 (selective 
attention), P200 (selective attention and feature detection) as well as 
N200 (selective attention and stimulus discrimination) have been 
reported in dyslexic individuals compared to normal groups. Stimuli 
adopted in these studies range from basic perceptual materials (e.g. 
spatial frequencies, for brief review see Bemal et al., 2000; Breznitz 
& Meyler, 2003) to linguistic materials (e.g. Bonte & Blomert，2004). 
Paradigms are not restricted to the oddball task but also to mismatch 
negativity (MMN) (similar to an oddball task but participants 
involuntarily detect the rare stimuli passively under deprivation of 
attention, e.g. watching an unrelated movie; also the stimuli are not 
task relevant, unlike in oddball task where the stimulus types 
determine their responses; e.g. Meng et al., 2005) or priming (e.g. 
Bonte & Blomert，2004)，to name but a few. The abnormal 
morphologies of these components include both changes in 
amplitudes and latencies of the component. 
This kind of abnormality is observed in both Western and 
Chinese studies. Taking N200 as an example, Meng et al. (2005) 
adopted Chinese syllables, pure tones, and complex tone patterns 
(three tones presented in fixed temporal relationships as a single 
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stimulus; the rare stimulus possesses a different relationship than the 
standard stimulus) in an MMN experiment and found that Chinese 
dyslexic children showed a deficit only under the syllable and the 
complex tone conditions, as shown by a smaller N200 amplitude. 
Baldeweg, Richardson, Watkins, Foale and Gruzelier (1999) asked 
children to perform a motion detection task when stimuli of different 
pitches (i.e. frequent tone and rare tone have different frequencies) 
were presented. They found that dyslexic children showed delayed 
MMN (N200) peaks compared to normal children when they 
passively detected the rare tones, as well as showing less sensitivity 
when the frequency difference between the frequent tone and the rare 
tone was very small (e.g. a difference of 15Hz), possibly implying 
their processing speed for auditory input is slower than that of their 
normal counterparts. Recently, Regtvoort, van Leeuwen, Stoel & van 
der Leij (2006) noticed that normal at-risk young readers, when the 
children were grouped according to literacy level and familial 
dyslexia background, showed a delayed and lengthened N100 
compared to poor readers, who showed normal NlOO latency but 
prolonged P300 (as discussed below) peak emergence. This suggests 
that a reading disadvantage could be shown at early processing stages 
(Nl). Similar delayed latencies have been observed in dyslexics in 
oddball experiments using both visual and auditory stimuli (for a 
review see Breznitz & Meyler, 2003). 
Activities occurring at the next time window are indicated by 
the component P300. P300, or more specifically P3b, a widely studied 
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ERP component probably due to the ease with which it can be 
triggered in various paradigms, though with a trade-off for the 
numerous functions it might be able to describe. As its name suggests, 
it occurs typically around 300ms after stimulus onset. P3 is an 
endogeneous (not dependent on external stimulation), positive-going 
brain wave. It is believed to reflect processes involving working 
memory updating, cognitive resource allocation, and task 
involvement (e.g. Polich & Heine, 1996; Polich & Kok，1995). For 
instance, P3 latencies have been found to be related to memory span 
(Polich, Ladish & Burns, 1990), demonstrating a close link between 
P3 and cognitive abilities. The most well established theory 
concerning P3 is the context updating theory (Donchin, as cited in 
Polich, Ladish & Bums, 1990). In an oddball paradigm, infrequent 
target items elicit larger and later P3 components because the memory 
for the target item has decayed after the last occurrence of the target; 
reemergence of the item refreshes the neural presentation of the target 
item. Conversely, representations of the frequently occurring stimulus 
remain strong in working memory and thus do not require much 
updating, yielding smaller P3 wave forms (Donchin, as cited in Polich, 
Ladish & Bums, 1990). The P3 peak emerges after the updating is 
complete. Typically a P3b is observed at the electrodes located in the 
parietal regions. 
P3 latency is frequently examined in studies of dyslexics. We 
examined P3 latency in the current study for several reasons: 1) P3b 
latency is thought to reflect directly how quick stimulus evaluation 
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and categorization are completed (e.g. Polich & Kok，1995). Its 
latency lengthens with increasing task difficulty and complexity. The 
shorter the latency, the more efficient the stimulus processing that is 
achieved; 2) it is very likely that similar stimulus recognition 
processes are as well recruited during the RAN episode. Therefore a 
delayed P3b in dyslexic but not normal readers under the same tasks 
would suggest that dyslexic readers process the stimulus slower; 3) 
from the point of data processing, P3b could be separated from 
subsequent confounding processes such as decision selection and 
motor response (e.g., Doucet & Stelmack，1999; Hsieh, 2006)， 
meaning that latency of P3b are not affected by the complexity of the 
subsequent responses the participants need to make, which is 
favorable as both oddball and RAN tasks are so rapid that behavioral 
data are ambiguous in isolating the stimulus-related responses from 
overt articulation or button pressing; 4) P3 is a summated ERP 
phenomenon from processes between primitive stimulus perceptual 
processes (e.g. feature detection) and response related processes. This 
implies that both stimulus recognition and phonological processing 
can take place in this period of time. If the oddball paradigm is 
coupled with a simple classification task and we find P3 differences 
between reader groups, we may tend to believe that RAN deficits can 
originate from visual/auditory non-linguistic processes. In contrast, if 
P3 differences can only be observed in more linguistic (e.g. using 
phonemes as stimuli) oddball tasks, other things being equal, we may 
tend to interpret these results as indicating RAN deficits that have 
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originated from linguistic processing stages; 5) unlike previous 
reports that employed either linguistic (e.g. lexical decision) or 
perceptual (e.g. spatial frequencies, simple visual patterns, tones) 
stimuli, the stimuli used in the typical RAN tasks would be 
incorporated in the oddball paradigm in this study, i.e. items that can 
be considered as an "intermediate" between highly linguistic and 
"profoundly" fundamental perceptual, thereby shaping the oddball 
tasks as the visual processing stages of a RAN task; children were not 
explicitly required to engage themselves in phonological processing 
given the absence of verbal output and the use of a simple item 
classification task; 6) one particularly intriguing link between P3 and 
Chinese language is that a between group difference may be quite 
likely given that visual processing sometimes is found to be important 
in Chinese reading ability (Meng, Zhou, Zeng, Kong, & Zhuang， 
2002). For instance, orthographic skill is found to be the second most 
prevalent deficit among Hong Kong Chinese dyslexic children, 
following the naming speed deficit (Ho et al., 2002; Ho et al., 2004). 
Such a role of visual-orthographical skills, such as the problem of 
letter-reversal, in reading disorders is also implicated in foreign 
languages (Badian, 2005). Since there have been findings of P3 
delays in non-linguistic visual stimuli (Breznitz & Misra, 2003; 
Silva-Pereyra et al., 2001，as detailed below), if visual processing is 
particularly important in Chinese reading, one might wonder whether 
the slow RAN performance of Chinese dyslexic children would 
originate from the processing of the visual stimuli used in the RAN 
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tasks before the linguistic representations of these stimuli are 
retrieved, or if visual skill demand is limited to orthographic 
processing of Chinese character patterns and therefore could not be 
generalized to more mundane visual stimulus processing during the 
"early" stages in a RAN scenario; 7) concerning the relationship 
between brain development and ERP, while a number of the studies 
reviewed in this paper were done on dyslexic adults instead of 
children, evidence does show that maturation does affect the 
morphology of ERP components to a very great extent. For example, 
P3 amplitude increases and latency decreases as one ages from 5 till 
puberty (Polich, as cited in Polich, Ladish & Bums, 1990). 
Nevertheless, it has been found that neurons behave similarly in 
children and adults from early ages (e.g. Coch, Skendzel & Neville, 
2005) and the ERP components elicited under the same paradigm 
have similar morphology, topographic distributions (how the strength 
of the signal, in voltage, is distributed all over the scalp) and 
relationship with behavioral measures (e.g. Coch, Skendzel & Neville, 
2005; Lovrich, Kazmerski, Cheng & Geisler，1994). Most importantly, 
even if there is distribution difference, it seems to relate to a general 
increase or decrease in mental speed across ages, without altering the 
functional relevance of P3b at different ages (e.g. Czigler, Pato, 
Poszet & Balazs, 2006; Friedman, Kazmerski & Fabiani, 1997; for a 
review see Kok, 2000). Therefore examining P3b in children should 
be comparable to that in adult and such is being investigated in the 
field (e.g. Taroyan, Nicolson & Fawcett, 2007). 
Investigating Dyslexic Speeded Naming 36 
Empirically, both visual and auditory P3s have been found to 
have latencies different from normal readers in dyslexic samples. 
Using 80 male Hebrew university undergraduates as participants (40 
dyslexic participants), Breznitz and colleagues (Breznitz & Meyler, 
2003; Breznitz & Misra, 2003) conducted several ERP oddball 
experiments to examine the processing speed in dyslexia in 
nonlinguistic and sublexical linguistic auditory, visual as well as 
cross-modal oddball tasks. The stimuli were either perceptual (tones, 
shapes) or linguistic (phonemes, graphemes). Cross-modal tasks 
involved presenting auditory and visual stimulus simultaneously as 
target and each stimulus alone as non-targets. The task adopted was a 
simple stimulus classification task. The authors identified significant 
differences between dyslexic and normal readers when responding to 
low-probability stimuli, which suggested that dyslexic readers may 
have an impaired ability to shift between automatic (response to 
high-probability stimuli) and controlled processing (response to 
low-probability stimuli). A slower processing speed in the dyslexic 
sample was evident at several stages of the processing in the oddball 
paradigm (P2, P3). Specifically, for the dyslexic group delayed P3 
occurred in most of the non-linguistic visual and auditory tasks 
(Breznitz & Misra, 2003) and their linguistic versions (Breznitz & 
Meyler, 2003; Breznitz & Misra，2003), was accompanied by slower 
reaction times in these tasks and these P3 latencies correlated with 
reading measures related to phonological (homophone) and 
orthographic (homograph) accuracy. Similar outcomes were found in 
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the cross-modal paradigm. They concluded that these findings agree 
with the idea of a domain-general speed deficit among dyslexic 
readers since slower processing speed is obtained using non-linguistic 
input as well. Furthermore, they reported that slowing in visual 
processing was greater than that in auditory processing. They believed 
that such mismatch in slowing leads to asynchrony between visual 
and auditory information that in turn makes integration of linguistic 
information from each modality unsuccessful. As a result of general 
slow processing speed and processing asynchrony, the representation 
of the stimuli in memory may be disrupted. 
Despite consistent findings in Breznitz and colleagues' works, 
other researchers do not always find P3 sensitive to the deficits of 
dyslexic individuals. Using a lexical decision oddball task, Fosker and 
Thierry (2004) explored the link between P3a and P3b amplitude and 
reading performance (Dyslexia Adult Screening Test, DAST) in 
dyslexic and normal adults. P3a is related to attention shift and is 
sensitive to unexpected stimuli and in their experiment this was 
elicited because the initial phoneme of the target words is different 
from all other alliterated standard words and pseudowords (i.e. 
participants' task is to classify words and pseudowords but the P3a is 
elicited by the different initial phonemes of the less frequent target 
words). Results showed that the amplitude of dyslexic P3a was 
smaller (not modulated by novelty as normal participants do), 
accompanied with a lengthened reaction time and more errors in the 
lexical decision task, as well as a significant correlation between the 
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amplitude and DAST scores. They interpreted their results as 
indicating a possible general attentional deficits in dyslexic adults 
since 1) their P3a amplitude (attention shift ability) was not sensitive 
enough to deviant phonemes, as shown by an increased error rate and 
reaction time compared to control; 2) nevertheless dyslexic adult still 
responded to targets faster than to standards, showing that they at 
least detected the deviation of the target words. Therefore the dyslexic 
adults may have had a partially impaired attention. In contrast, they 
failed to find differences in P3a and P3b (the P3 of interest in the 
current study) amplitude and latency in a similar sample when the 
task became a simple phoneme discrimination oddball task 
(discriminate among frequently singly occurring phoneme and rare 
ones, Fosker and Thierry, 2005). Moreover, a significant correlation 
between P3 amplitudes and reading could not be replicated, either for 
P3a or P3b. They suspected that simple oddball tasks which require 
low attentional demand led to a saturation of P3b sensitivity, despite 
Breznitz and colleagues' success in using similar oddball tasks. It 
should be noted that Fosker and Thierry did not mention any 
significant results related to the P3 latencies, a major focus of the 
current study. 
P3b is also observed in paradigms other than the oddball. For 
instance, Silva-Pereyra et al. (2001) tested Spanish grade three poor 
and normal readers using the Sternberg task and Spaceships task. In 
Sternberg task the children needed to remember a set of digits for a 
short while before a probe was shown. They had to press buttons to 
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answer whether the probe is within the memorized set of digits. In the 
Spaceships task spaceships of different colors were shown one by one 
on the screen. Children answered by shooting a purple ship with a 
button different from the button for other ships. Both tests demand 
visual stimulus evaluation (visual memory and color discrimination). 
Their results showed a delay in poor readers' P3 compared with 
normal readers' in both tasks, among other differences. This supports 
the idea that poor readers process visual stimuli slower, even when 
the stimuli are absent/low in linguistic contents. 
In spite of the mixed results, we can see that each experiment 
mentioned differed in some parameters from the others and lead to 
different P3 conclusions. Therefore under certain experimental 
conditions, the P3b component provides useful information on the 
visual processing stages during a RAN task, as mentioned earlier. 
Provided that 1) RAN and Chinese shared arbitrary mapping, 2) 
Chinese characters may tax children's visual ability and 3) previous 
ERP studies showing that dyslexic and poor readers show a delayed 
P3 when processing non-linguistic visual stimuli, we hypothesis that a 
P3 delay is also evident in the early visual processing stages in 
Chinese dyslexic children. Moreover, such a delay contributes to the 
slow rapid naming speed in these children compared to their normal 
counterparts. 
Current Study 
We would like to suggest that Chinese dyslexic children show 
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a general processing speed deficit, and this is what the RAN task 
speed are capturing most significantly. Specifically, we investigate the 
visual processing of the RAN stimuli of Chinese children using the 
sensitivity of P3 latency as an indication of processing speed, 
believing that dyslexic children would already show slower speed at 
this stimulus evaluation stage. This slower speed is thought to 
contribute to the slower rapid naming speed when dyslexic children 
perform the RAN tasks, as our oddball tasks would adopt the stimuli 
used in the RAN tasks. Secondly, as an initial exploration, it is 
hypothesized that behavioral and/or ERP data from digit RAN task 
may have some observable differences when compared to those from 
letter and object RAN task, given their potential different nature in 
stimulus, degree of automaticity of each naming process, and 
relational strength with Chinese. 
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Chapter 2: Method 
Participants 
12 Chinese dyslexic children (DYS, 1 female) and 13 
Chronological Age matched control children (CA, 2 female) with 
Cantonese as their mother tongue from Hong Kong were invited to 
participate in the experiment. They aged between 11 to 13 years 
(mean 12.32) and were studying in either Primary six or the first term 
of Secondary one when they took part in the session. All of them are 
right-handed, with normal or corrected-to-normal eyesight. Reported 
from their family members, all of them did not have attention deficit 
hyperactive disorder (ADHD). This is considered as it has been 
suggested that ADHD might affect naming performance (Duncan et 
al., 1994; Semrud-Clikeman et al., 2000). The sessions were carried 
out in the Chinese University of Hong Kong. The procedures were 
explained to the children and consent was obtained for each child 
from their parent or eligible family member. 
Procedure 
An oddball paradigm with simple item classification task was 
adopted in the current study. Several behavioural measures were also 
conducted, including the three versions of Rapid Automatized 
Naming (RAN, object, letter and digit), four subtests (Chinese Word 
Reading, Chinese Word Dictation, One-minute Chinese Word 
Reading and digit RAN) from the Hong Kong Test of Specific 
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Learning Difficulties in Reading and Writing (HKT-SpLD) and the 
Chinese Segmental Phonology Test (CSPT). Finally, the Raven's 
Progressive Matrices were also administered as a measure of their IQ. 
Oddball stimulus classification tasks. Children were 
comfortably seated in front of a 17" CRT monitor approximately 1.5 
meters away, with a keyboard placed on their thigh and fingers readily 
on pre-assigned keys. The refreshing rate of the screen was 75 Hz. 
Light was on all through the session. 
Three versions of the stimulus classification task were 
administered: object, letter and number. The color version was used as 
practice block. The order of the three oddball tasks was 
counter-balanced across participants. The visual stimuli used in the 
oddball tasks were taken from the corresponding versions of RAN 
tasks. There were five stimuli in each task. Among them one was 
designated as 'target', or the oddball, which had a low probability of 
occurrence (one out of five), while the remaining four were 
'non-targets' which have high probability of occurrence as a group. 
This differs from the most simple design of the oddball paradigm 
where only two stimuli, one target and one non-target, were used. 
During each oddball task the five stimuli, 50 repetition each, 
were presented by the software E-prime in random order with the 
constraint that no two targets were presented in succession. Each 
stimulus was presented for a maximum of 500ms, with a maximum 
response period of 1500ms starting from stimulus onset. There was 
always a constant 1000ms after a key press before the next stimulus, 
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rendering a maximum of 2500ms of inter-stimulus interval (ISI). 
Children were asked to press pre-assigned keys on the keyboard when 
they classified each stimulus as target (‘ 1 ’ on the number pad with 
right index finger) or non-target ( '2' with right middle finger). They 
were required to respond both as quickly and accurately as possible 
once the stimulus appeared on the screen. Reaction times (RT) were 
recorded and those shorter than 200ms were excluded for all children 
during analysis. 
In addition to behavioral reaction time, brain electrical activity 
for each child was recorded from three midline electrodes (Fz, Cz, Pz), 
twelve electrodes distributed over the left and right hemispheres (Fpl, 
Fp2, F3, F4, F7, F8, C3, C4, C7, C8, 01，02), as well as the right and 
left mastoids (Al, A2), location based on the international 10-20 
system. An electrode placed on the nosetip served as the reference and 
Fpz as the ground during recording. Electrodes placed on the outer 
canthi of each eye and above and below the right eye will be used to 
measure eye movements. The EEG was recorded from DC to 70Hz 
with a sampling rate of 256Hz. Impedance was kept below 5kCl. EEG 
signals were then band pass filtered at 0.1-20Hz, eye blinks corrected 
using EEprobe. Subsequent event related potentials (ERPs) were 
obtained from averaging artifact free EEG epochs of length -100 to 
900ms, with the 100ms pre-stimulus onset as the baseline. The ERPs 
were finally re-referenced to the mean of both mastoids. The peak 
latency of the target P300 (P3b) determined at the Pz electrode was 
determined for each stimulus classification task for each participant. 
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The RAN tasks. Three RAN tasks were administered: object, 
letter, and digit (number). Children were be presented with stimuli in 
an 8 row x 5 column grid and they have to name the stimuli in each 
cell of the grid from top to bottom, column by column starting from 
the left. In each version of the task, five different stimuli appeared 
eight times each in the grid. The task order was counter-balanced 
across participants. The recorded verbal production for each child was 
analyzed to determine the average articulation time for each stimulus, 
pause time between stimuli, as well as a measure of total naming time 
of the complete series of stimuli, some of which are reported in this 
study. 
The Hong Kong Test of Specific Learning Difficulties in 
Reading and Writing (HKT-SpLD). Four subtests from the HKT-SpLD 
(Ho, Chan, Tsang & Lee，2000) were administered. The Chinese 
Word Reading test is an untimed measure. Children were asked to 
name 150 pairs of Chinese two-character words. The test was halted if 
the child successively failed 15 pairs. In Chinese Word Dictation, they 
were asked to dictate 48 pairs of Chinese two-character words 
presented by the experimenter. The test was halted if the child 
successively failed 8 pairs. The One Minute Reading test is a timed 
task. Children were asked to read 90 pairs of Chinese two-character 
words as quickly and as accurately as possible within 1 minute. They 
served as the Chinese literacy tests. The standardized Digit Rapid 
Naming was the same as the digit/ number RAN. 
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I 
‘ 1993) is a standardized test for assessing children's contrastive use of 
I phonemes in their phonetic inventory, and hence phonological 
： development. It consists of two sections. In the first section, there are 
31 daily life objects such as vehicles, body parts and utensils 
! 
associated with one-syllable or two-syllable name. Children were 
； asked to name the objects clearly. Cues were given to probe their 
； correct answers if the children did not give the expected names. The 
31 names were composed by all the Cantonese phonemes, i.e. 17 -
S I consonants ! t 
{ 
‘ In the second section, a scenario between a brother and a sister 
in a park was presented to the children in photos with targeted 
vocabularies associated with 2 consonant clusters, 13 vowels and 6 
contrastive tones plus 3 entering tones. Children were then asked to I I � j repeat the scenario and were probed to use those targeted vocabularies “ 
during the story telling. Participants' responses were recorded and 
later coded by professional speech therapist. A partial scoring method 
r 
was adopted. Each syllable/morphosyllable was scored in terms of 
I "onset", "rhyme" and "tone"，composing a the total score of 201 (114 
/ 
and 87) marks. Then a diagnostic label was given to the child as 
normal, delayed or deviant following the normal development of 
articulation skills. 
Raven s Standard Progressive Matrices. This is a standardized 
test of nonverbal intelligence. There are five sets of 12 items. For 
each item, there is a target matrix with one missing part. The children 
were asked to sclcct, from six to eight alternatives, the one that best 
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completes the matrix. Raven's is commonly used for non-verbal 
intelligence evaluation and is easy to administer. Raw scores were 
converted based on the local norm established by the Hong Kong 
Education Department in 1986 (Ho et al., 2002). 
In each session, the oddball tasks were conducted first, 
followed by a short break, then the CSPT, the HKT-SpLD tests, the 
RAN tasks, and finally the Raven's Progressive Matrices. The whole 
session took around 2.5 to 3 hours to complete. 
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Chapter 3: Results 
One control child was excluded from data analysis because 1) 
many of the oddball response times were unreasonably fast (below 
200, even 100ms, reflecting that he might not have paid fiill attention 
to the stimuli) and 2) the child showed poor target detection accuracy, 
resulting in poor ERP data (less than 15 trials for averaging). Thus 
there were in total data on twelve dyslexic and twelve CA control 
participants. Univariate repeated measures ANOVA was the major 
method for analysis, unless otherwise specified. The between group 
factor is GROUP (dyslexic and CA control group) and the within 
group factor is TASK (object, letter and digit). Correlations served as 
a reference as our sample size was relatively small. Also correlations 
were reported with two groups combined, like what was done in some 
other studies with similar sample size (e.g. Taroyan, Nicolson & 
Fawcett, 2007). 
Behavioral Results 
RAN tasks. The total times of the three RAN tasks were 
compared between groups to reveal if there were any differences 
among the RAN tasks in discriminative power. In total there were ten 
dyslexic (performance on two DYS children failed to be recorded) 
and twelve control data for analysis (Table 1). 
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Table 1. Descriptive statistics and between group comparisons of 
RAN measures. 
� , Dyslexic Group Control Group 
Ivi PAQiirpc r r M � surcs (DYS) (CA) N Mean SD N Mean SD F 
Rapid naming 
tasks (s) 
Object 10 11.57 3.92 12 9.96 1.75 
Letter 10 12.36 1.90 12 10.71 2.74 52.84*** 
Digit 10 17.92 4.45 12 13.43 2.49 
Note. ***p< .001 
The TASK x GROUP interaction (尸（2, 40) = 5.175,/? < .01), 
TASK (尸(2’ 40) = 52.841,/? < .01) and GROUP (尸（1，20) = 5.222, p 
< .05) main effects were significant. Post-hoc tests between groups 
(one tailed /-tests) showed a significant difference only in DRAN {t = 
2.987, p < .01), meaning that the DYS group was slower than the CA 
group in DRAN. 
For within-subject post-hoc tests, DYS was significantly 
slower in DRAN than the other two versions {F (2, 18) = 24.248, p 
< .001). The pattern was the same for CA. DRAN was significantly 
slower {F (2，22) = 33.527, p < .001). This is not surprising as the 
digit RAN used here had more items (40) compared to the other two 
RAN tasks (25 in letter RAN, 15 in object RAN). Therefore, while 
both groups were slower in DRAN (since there are more items), a 
notable outcome was that the DYS children were also slower than the 
CA children in the DRAN, while they performed similarly on the 
other two versions of RAN. 
To isolate the length as a confounding factor, 1) the total time 
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for each child to finish 25 items in the behavioral digit RAN was 
extracted from the recorded sound files; 2) instead of an independent 
variable, the RAN tasks were treated as three dependent variables, 
since we were more interested in the between group differences than a 
within group speed differences when investigating the discriminative 
power and 3) rather than employing a multivariate F value, an 
adjusted significant value was adopted (Bonferroni, i.e. p < .05/4 
=.0125, the critical t value is 2.423) for the separate one-tailed ？-tests. 
Only the two digit RAN tasks significantly differed in total time 
between the two groups. For the adjusted digit RAN, t = 2.463，p 
< .0125; for object RAN, t = 1.392,/?< .09 and letter RAN, t = 1.744， 
p < .048. Still, digit RAN tasks were discriminating the two reader 
groups better (Figure 1). 
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Figure 1. Behavioral RAN total times after the number of items are 
reduced in digit RAN. ** represents a significant difference between 
group. 
Alternatively, items per second was used as another dependent 
measure and the data were subjected to a repeated measures ANOVA. 
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The GROUP x TASK interaction {F (2, 40) = 6.989, p < .005), TASK 
{F{2, 40) = 1 3 3 . 5 1 3 , . 0 0 1 ) and GROUP ( F ( l , 20) = 6.739,/? 
< .05) main effects were all significant. Multiple Bonferroni adjusted 
one-tailed independent /-tests indicated that the digit RAN differed 
significantly between the two groups {t = 3.274, p < .005), but not for 
letter RAN {t = 2A\\,p< .025) and object RAN {t= 1.311,/?< .2). 
HKT-SpLD, IQ. age and CSPT. These tests were conducted to 
confirm the reading skill discrepancies between the two groups. The 
HKT-SpLD raw scores were significantly different between GROUPs, 
but not Raven's converted IQ, Age and CSPT raw scores, using 
Multivariate ANOVA {F (6, 17)= 19.804,/? < .001, Table 2). 
Two DYS recordings for CSPT failed. The remaining DYS 
and CA children were all diagnosed as normal in articulation, 
diminishing the possibility that any differences in RAN times are due 
to inadequate phonological expertise. The RAN speeds correlated 
with the reading measures (Table 3). 
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Table 2. Descriptive statistics and between group comparisons of 
reading measures 
入, Dyslexic Group Control Group 
r \ / I o o o i 1 o •‘ 1 1 M � surcs (DYS) (CA) 
N Mean SD N Mean SD F 
Age (year) 1 2 ^ 1 2 O ^ ns 




word 12 46.83 15.89 12 86.33 5.76 65.54*** 
dictation 
Chinese 
word 12 119.08 16.78 12 142.25 5.31 20.78*** 
reading 
Onemmute ^^ 67.58 13.31 12 91.67 19.69 12.33*** reading 
Digit rapid ^^ 16.29 3.19 12 12.36 2.58 10.98*** naming 
CSPT 
Part one 12 113.17 1.19 10 112.80 1.87 ns 
Part two 12 86.67 0.49 10 86.70 0.67 ns 
Note. ***p 
<.001 
Table 3. Correlations between major HKT-SpLD measures and 
RAN speed 
Word Object Letter 
Dictation reading One-minute RAN RAN 
Dictation . 
Word 
reading .55** . 
One-minute .47* .71** . 
Object 
RAN -.14 -.69** -.61** . 
Letter RAN -.17 -.57** -.66** .68** . 
Digit RAN -.44* -.74** -.59** .74** .74** 
Note. */?< .05，**p< .01. 
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Oddball accuracy, reaction times and response variability. 
Behavioural data of the oddball tasks were evaluated to check if the 
RAN speed differences could be replicated in a task that mimic the 
RAN task in critical aspects. Only results related to the target are 
reported (Table 4). Repeated measures ANOVA on accuracy revealed 
only a significant TASK main effect (F (2, 44) = 4 .198,p< .05) but 
not a significant GROUP main effect. Pair-wise comparison showed 
that the both groups of children were more accurate at responding to 
objects than letters (p < .05, adjusted for multiple comparison). 
Table 4. Descriptive statistics and between group comparisons of 
oddball measures 
� , Dyslexic Group Control Group M � surcs (DYS) (CA) 
N Mean SD N Mean SD F 
Reaction times 
(ms) 
Object 12 452.92 59.74 12 425.67 39.02 
Letter 12 462.93 43.58 12 415.62 60.17 4.11* 
Digit 12 457.54 53.80 12 416.92 54.21 
Response 
accuracy 
Object 12 31 6.1 12 36 6.3 
Letter 12 28 5.9 12 32 9.5 ns 
Digit 12 31 7.7 12 35 7.2 
Response 
variability (SD) 
Object 12 82.41 19.82 12 68.4 丨 15.79 
Letter 12 82.23 24.56 12 64.69 16.35 10.35** 
Digit 12 98.90 22.95 12 67.16 12.81 
Note. < .06. 
**/? < .005. 
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Since we were more interested in the target reaction time, a 
GROUP X TASK repeated measures was carried out, revealing a 
marginally significant GROUP main effect, showing that CA 
responded more quickly than DYS on all three tasks {F{\, 22)= 
4.107,/? = .055, Figure 2). Correlations with IQ controlled showed 
that the target reaction times were related to the reading measures in 
the HKT-SpLD reading measures in the expected directions (negative, 
Table 5a) as well as the HKT-SpLD standardized rapid naming (Table 
5b; behavioural RAN tasks were not involved due to the unequal 
number of items in these tasks). 
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Figure 2. Oddball reaction times towards targets. * represents a 
significant group main effect. 
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Table 5a. Partial correlations among oddball target reaction times 
and HKT-SpLD measures 
Word Object Letter 
Dictation reading One-minute target target 
Dictation . 
Word reading .40* . 
One-minute .25 .68** . 
Object target -.20 -.21 -.43* . 
Letter target -.44* -.30 -.54* .61** . 
Digit target -.44* -.41* -.60* .71** .85** 
Note. *p < .05. **p<m. 
Table 5b. Correlations between oddball reaction times and 
RAN speed 
Object target Letter target Digit target 
Object target . 
Letter target .61* . 
Digit target 0.71* 0.85* . 
RAN 0.60* 0.43* 0.42* 
Note. *p < .05. 
The last aspect of interest in the oddball task was to look at 
individual's performances during the 250 trials in the oddball tasks. 
The variability, in terms of standard deviations (SD), of children's 
reaction times (RT) was examined. A TASK x GROUP (GP) repeated 
measures analysis on individuals' RT standard deviations revealed a 
just significant TASK x GP interaction {F (2, 44) = 3.222, p < .05), 
TASK {F (2, 44) = 3.738, .05) and GP (尸（1 ’ 22) = 10.348，p 
< .005) main effects (Table 3). Between-group post hoc t tests 
(two-tailed) showed that only DIGIT SD was significantly different 
between the two GPs (/ = 4.182，p < .005) and LEXER SD marginally 
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{t = 2.059,/? = .051). Within-group post hoc for DYS showed a 
significant overall effect {F (2，22) = 4.232, p < .05) but none of the 
SDs differed from one another in the multiple comparisons, though 
there seems to be a more varied DIGIT SD. Post-hoc tests for the CA 
group did not reveal significant differences among the 3 standard 
deviations {F (2, 22) = .628, p = .543). Thus, it appeared that the DYS 
children responded to digits, and a trend in letter, in a more varied 
way compared to the CA children (Figure 3). 
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Figure 3. Mean standard deviations of oddball reaction times. ** 
represents a significant difference between group. 
ERP Results 
Our primary interest was to see if a delayed P3 latency was 
evident during the visual processing stage in dyslexic children 
compared to normal children when performing the RAN tasks. 
Moreover, it is intriguing to see if this latency can be used to explain 
the oddball reaction time difference and behavioural RAN difference 
observed earlier. 
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Also children's responses to targets in the oddball tasks were a 
main focus. Only epochs corresponding to correct targets were 
included in generating the ERP results. The mean numbers of trials 
for averaging were 23 in the CA group and 27 in the DYS group, 
which were relatively small though acceptable. According to Cohen 
and Polich (1997), at least 20 trials for averaging would be enough to 
stabilize the P3 latency of an individual, but our preserved trials in 
each group were after a second attempt to remove eyeblink 
contamination, during which a relatively lenient criteria were adopted 
relative to the first attempt in order to reserve enough trials. This may 
have affected the quality of the P3 we obtained. P3 latencies were 
extracted separately in each TASK by first locating the peak between 
300 to 600ms post-stimulus onsets in the grand averaged ERPs，then 
200ms time windows centering at this peak were defined for each 
child. It should be noted that these P3b obtained occurred at latencies 
after motor responses, as indicated by the oddball RTs, have been 
made, which may be possible when the time needed for actual motor 
movement was isolated from the total reaction time (i.e. the time from 
stimulus onset to response selection, e.g. Doucet, & Stelmack，1999). 
Although our reaction time was not treated in this way, the motor 
response the children needed to perform was quite transient. They had 
to put their fingers on the respective buttons all along the experiment 
to respond, without the need for large degree of motor response and it 
was similar to lifting a finger off a key. 
Means and standard deviations of the P3 peak latencies are 
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shown in Table 6. The latencies were subjected to a TASK x GROUP 
analysis. There was a marginally significant TASK x GROUP 
interactions {F (2, 44) = 3.084, p = .056) and no other significant 
results. Post hoc t-tests showed that the three latencies did not differ 
between GROUPs. Separate repeated measures analyses of TASK 
within each GROUP revealed no significant difference among the 
three P3 latencies in either DYS or CA. From bar charts (Figure 5) 
and ERP grand averages (Figure 6) the Digit P3 peak appeared to 
emerge later in DYS while Letter appears to emerge later in the CA 
group. Thus P3 latencies did not suggest obvious differences between 
DYS and CA groups, although the P3 latency in digit oddball task in 
DYS but not in the CA children might be slower compared to the 
other two versions of oddball tasks. 
Table 6. Descriptive statistics and between group comparisons ofP3 
latencies 
, , Dyslexic Group Control Group M � surcs (DYS) (CA) 
N Mean SD N Mean SD F 
P300 latencies 
(ms) 
Object 12 443.75 65.33 12 459.83 47.70 
Letter 12 439.42 36.49 12 463.25 55.93 3.08* 
Digit 12 466.58 44.28 12 440.42 49.93 
Note. *p < .06. “ 
**/7<-005. 
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Figure 4. P3 latencies from oddball tasks. 
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Figure 5. ERP grand average (obtained from all children in the same 
group) outputs of the P3 latencies (from upper left to right: object, 
letter and digit). Blue lines are for CA. Time scale is 100ms. The 
200ms P3 time window in each condition was extracted by centering 
the window at the corresponding peak. 
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Chapter 4: Discussion 
Our results showed that 1) dyslexic and chronological age 
matched control children differed significantly on the HKT-SpLD 
subtests while they were comparable in IQ and articulatory skill 2) 
dyslexic children were slower in digit rapid naming than control 
children but not in the other two RAN versions; 3) dyslexic children 
appear to slower oddball reaction times, as shown by a marginally 
significant repeated measures ANOVA; 4) oddball reaction times 
were related to the RAN speed and reading skill; 5) dyslexic children 
showed more varied reaction times than their control counterparts 
when they performed the digit oddball task, as shown by significantly 
different standard deviations in their reaction times; and 6) dyslexic 
children did not show a delayed P3 peak as hypothesized, though 
there was a possibility for their digit oddball P3 to occur later than 
that of control children. 
Digit Naming and Digit Oddball in Chinese Dyslexia 
Our behavioral RAN results confirmed those of Ho and 
colleagues' (2002, 2004) that digit rapid naming is the more effective 
version to distinguish dyslexic and CA control children while all three 
RAN tasks were associated with Chinese reading performance among 
dyslexic children. Studies involving both English-speaking and local 
dyslexic samples all pointed to the relatively reliable and powerful 
nature of digit naming. In their logistic regression study on Grade 5 
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and 6 Beijing dyslexic and normal readers, Shu et al. (2006) identified 
number rapid naming, but not object naming as a significant 
predictors of dyslexia apart from MA and vocabulary knowledge. 
Subsequent literacy modeling also showed that number naming is a 
significant factor in describing Chinese character reading, dictation 
and comprehension. In the current experiment all three versions of 
RAN correlate with Word Reading but only digit RAN showed a 
group difference, suggesting that one digit RAN continues to be 
highly useful in identifying dyslexic children across a relative wide 
age range over other RAN tasks such as object rapid naming in 
non-alphabetical languages like Chinese. In this respect, findings in 
Chinese are similar to some of those found in alphabetic languages 
that RAN performance continues to differentiate good and poor 
reading adults (e.g. Felton, Naylor, & Wood，as cited in Compton et 
al., 2002), demonstrating a stable relationship between RAN 
performance and word reading skills over the lifetime of individuals 
with reading disability. If arbitrary mapping of graphemes and 
phonemes are so alike in RAN and Chinese as Manis et al. (1999) 
suggest, then the mapping between Arabic digits used in digit RAN 
and their Chinese pronunciations are also established on such 
arbitrary basis making digit RAN task the best version to distinguish 
Chinese dyslexic children. Though object naming also possesses such 
arbitrariness, probably due to the lower degree of its resemblance to 
the reading process (Misra et al., 2004) and the lower automaticity of 
the underlying cognitive processes (e.g. Narhi et al., 2006) in both 
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groups, it fails to discriminate impaired readers from normal 
counterparts. 
There is another interesting characteristic related to digit 
naming if one inspects children's performance during the oddball 
tasks. It appeared that dyslexic children have more varied response 
patterns towards digits compared to control groups but not in the 
other two oddball versions, as revealed from the analysis of oddball 
RTs variability. Although there may not be an immediate connection , 
i 
between such variability and the children's reading ability, this might 
suggest a similar theme that the differences in RAN performances 
draw cognitive demands differently (e.g. Sermud-Clikeman, Guy, 
Griffin, & Hynd, 2000). Here we focus on the different demand on 
digit rapid naming between reading groups. The variability may index 
a failure of stable automatization of digit rapid naming in dyslexic but 
not normal readers. This failure could be due to some inherent 
perceptual or semantic differences among different types of stimulus, 
like what is speculated between numbers and words (Csepe, SzUcs & 
Honbolygo, 2003) that dyslexic children find it particular difficult to 
process than normal readers do. This means that processing digits 
already take up a considerable amount of cognitive resources in 
dyslexic children before they name it. Consequently, such 
discrepancies may interfere with the degree of automaticity of the 
naming-related cognitive processes achieved by each group when task 
demand increases. These demands may include a need for rapidity 
(like in RAN tasks) or other attentional burdens (like in different 
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oddball paradigms, as described below). As a result, digit detection 
and naming become relatively more difficult for dyslexic children 
when they are to perform the naming task rapidly. This may be even 
more obvious if dyslexic children suffer attentional and memory 
deficit. Silva-Pereyra et al. (2001) showed a P3 latency difference 
between poor and normal Spanish young readers. In addition, they 
identified a different brain response at the frontal area (an area 
important for attention and working memory) during the Sternberg 
task (visual memory for remembering digits). They interpreted that 
poor readers may have a much limited working memory span than 
normal readers, so a small memory load is already difficult for them. 
The different frontal brain response is due to the fact that these 
children attempt to draw more attentional resources to use, but in a 
different way than normal readers do. Such challenge still persists 
even when the children grow a bit older, contributing to the extended 
discriminative power of digit RAN in our relatively older dyslexic 
children. 
Still a possibility of the better discriminative power of digit 
RAN concerns the different lengths of the three RAN tasks. In our 
experiment, Digit RAN was the longest consisting of 40 digits, 
followed by the 25-item letter RAN and 15-item object RAN. Would 
children's performances be contingent on test length due to factors 
such as fatigue or sustained attention? Subsequent analysis with item 
numbers controlled suggests that the differential RAN performance 
between dyslexic children and CA children is still more prominent in 
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the digit version. Alternatively, using items per second as the measure 
(as advised by the external examiner), digit RAN still distinguished 
across groups better than did the other tasks. This more "equivalent" 
measure provides convincing evidence to support our findings in the 
differential discriminative power of the RAN tasks. 
Letter RAN 
Maybe processing digits is not so qualitatively different from 
that of processing letters, but children from both reading groups are at 
a similar level of letter naming skills. The results of letter naming 
were mixed here. While an oddball analysis suggested an RT 
difference between groups, behavioral RAN did not reveal significant 
differences between dyslexic and control children. It also seems that 
like the digit RAN, dyslexic children responded to letters in a more 
varied manner in the oddball task, though the effect was much smaller 
than that of digits. Bearing such results in mind, one may wonder if it 
is productive to include letter naming in the study as English is only a 
second language in Hong Kong, although there are universal 
properties between English and Chinese reading skills (e.g. 
McBride-Chang & Ho，2005). In fact, according to the idea of 
multiple-deficits (e.g. Ho et al., 2002; Wolf & Bowers, 1999)， 
different types of deficits can emerge with different extents (e.g. Ho 
& Fong, 2005). Thus if a child is only impaired in some of the core 
cognitive abilities and these abilities are relatively important in one 
particular language, he or she may experience difficulties reading one 
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language but not the other. For instance, only 20% of the Chinese 
dyslexic children were found to have deficits in PA (Ho et al., 2002). 
A number of case studies reported children having monolingual 
dyslexia, especially when one is alphabetic and the other logographic 
(e.g. Ho & Fong’ 2005; Wydell & Butterworth，1999). Informal 
communication with the parents in the current sample also suggests 
that some of our dyslexic children have normal achievements in 
English. Ho et al. (2004) speculated that this may have to do with the 
fact that only derived, but not assemble, phonology is present in 
Chinese. So Chinese readers bypass the phonological path and utilize 
phonetic components for the sound of a character. When these 
Chinese-specific processes are impaired, monolingual dyslexia may 
result, and letter RAN performance which taps more phonological 
processing could be preserved. 
On the other hand, the role of phonological processing and 
letter learning in Chinese may be modulated by educational practices. 
For example, phonological processing has been found to be a strong 
predictor of reading in samples from Taiwan and the mainland (e.g. 
Huang & Zhang，as cited in Ho et al., 2004), where Zhuyin-Fuhao and 
Pin-Yin are introduced early in school to aid learning of phonology of 
Chinese characters respectively. No such practice has been 
consistently adopted in Hong Kong. Furthermore, English phonic 
training is also still relatively rare among Hong Kong public schools. 
So even normal children do not necessarily have possessed good 
phonological skills. We may then expect that there would be higher 
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variability in children's letter RAN performance. Letter rapid naming 
speed in younger readers may reflect whether letter processing has 
achieved automaticity. Despite early letter learning in Hong Kong, 
some children inevitably master such skill more readily than the 
others; also naming foreign letters are less likely in daily life 
compared to naming numbers in Chinese. Thus automaticity might 
achieve at a slower rate and varies at a greater extent compared to LI. 
To conclude, our dyslexic children may not be poorer English users, 
while our control children may not be good English users, a feature 
that may decrease the discrepancy in letter rapid naming performance 
between the two groups. 
Oddball RTs and Response Execution 
Although the P3 analysis did not reveal differences in the 
stimulus processing speed of dyslexic children compared to that of 
control children, marginally significant reaction time comparison did 
show that dyslexic children seem to respond slower than control 
children do, which may suggest that sources other than stimulus 
evaluation contribute to both a slower oddball performance and 
potentially RAN performance in dyslexic children. The candidates 
include response selection and motor output, processes supposed to 
occur after stimulus evaluation. Analysis of the lateralized ready 
potential (LRP) could provide evidence whether this is the case. 
However, LRP may be best observed when both left and right hand 
response are involved so that any stimulus specific or asymmetrical 
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brain activity would be blocked from contaminating the LRP (Fabiani, 
Gratton & Coles, 2000; Luck, 2005). Children in the current study 
were using their right hands only, which may not be an optimal 
scenario for a LRP analysis; subsequent investigation requires 
examination with caution. On the one hand, preliminary analysis of 
the children's articulation rate (not reported) does not reveal between 
group differences; CSPT also reveals that they do not have any 
articulatory problem at their age, suggesting that their RAN speed 
difference may not originate from their articulatory ability. 
Nevertheless, some studies do find motor differences between 
dyslexic and normal children (e.g. Snyder & Downey，1995). 
Recently, Stoodley and Stein (2006) also found that dyslexic adults 
performed more poorly in a peg-moving task. While no difference in 
articulatory speed seems to affect the RAN speed, there is still a 
possible motor deficit among Chinese dyslexic children. LRP analysis 
may reveal that such a motor deficit lies in the preparation for the 
overt response, but not the overt response execution itself. 
Limitations and Future Directions: The Issue of Task Demands and 
the Multiple Deficits Hypothesis 
While our ERP analysis suggests that dyslexic children may 
not have impaired processing speed at the visual processing level, 
studies by Fosker and Thierry (2004, 2005) and on attentional blink 
(Lacroix et al.,2005) remind us that task demands may affect our 
results, for example more difficult task may lower the automaticity of 
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processes. In their latter study, Fosker and Thierry (2005) did not find 
any difference in P3 amplitude and latency between control and 
dyslexic adult readers. Their speculation of a saturated P3 sensitivity 
due to low attentional demands of the simple stimulus discrimination 
task may be applicable to our study where a simple discrimination 
task was employed. Duncan et al. (1994) varied the two-stimuli visual 
oddball task demand by asking dyslexic adults to 1) simply detect an 
occurrence of an item irrespective to its identity or probability; 2) 
respond only to targets and 3) respond to both by pressing different 
buttons, similar to our paradigm. Both P3b amplitude and latency 
increased as task demand increased, but they only reported an 
amplitude increase when dyslexic adults were compared with normal 
readers in the most demanding task. One may assume that the 
involvement of four non-target items may reduce the need to flilly 
evaluate each stimulus. While this may be possible, it has been found 
that P3b is sensitive to group identity when the probability of 
occurrence of each item does not differ, and equal probability also 
reduces the influence of visual adaptation of the neurons (Luck, 2005). 
Moreover, here we just focus on the target responses, identification of 
which should require more thorough evaluation compared to 
non-targets. Nevertheless, the anticipatory effect of the next item as 
non-targets occurring at expected time interval may reduce their 
attention, and perhaps motivation, to evaluate the items as they do in 
a typical RAN task. 
Different task demands may vary the behavioral and 
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electrophysiological results one can get. Taroyan, Nicolson and 
Fawcett (2007) used a Continuous Performance Test (CPT) to test 
dyslexic children's attention. In their CPT version children only need 
to respond (Go) if an “0” is followed by an "X" but not other letters 
(no Go) as quickly and accurately as possible. Interestingly, one of 
their findings is that while no reaction time difference was found 
between dyslexic children, the P3 latency of dyslexic children was 
longer than that of normal children in both Go and no Go conditions. 
They concluded that attentional processes are impaired in dyslexic 
children (P3 difference) but not necessarily core deficits (no 
behavioral difference). Although their CPT was also simple, probably 
a Go-no Go paradigm following a rule (“0” followed by "X") is 
different from a stimulus discrimination oddball paradigm that 
requires response choice selection (this study), leading to different 
patterns in ERP and behavioral outcomes. 
The multiple deficits hypothesis might be able to explain such 
by suggesting the speed deficit is a complicated additive consequence 
of phonological, visual or motor deficits (Stein & Walsh, 1997), so a 
single deficit does not lead to the overall profound RAN speed deficit, 
and a limited sample may not be sensitive enough for detecting the 
small single deficit. As emphasized in the discussion, theories derived 
from the neurobiological perspective (Ramus, 2004) and cognitive 
deficit profile studies (e.g. Ho et al., 2002, 2004; Wolf & Bowers, 
1999) favor the view that a dyslexic individual does not necessarily 
suffer all possible deficits. Given our limited sample size, such 
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diversity in deficit profiles may further "dilute" the influence of 
certain impairment observed in the study. In fact, Fosker and Thierry 
(2005) observed null P3 results with a group of dyslexic adults who 
showed no difference in reaction time or response accuracy of the 
oddball tasks, while their reading disability fell with the definition of 
dyslexia. Similarly, our dyslexic children performed much poorly in 
all the HKT-SpLD reading measures, while their oddball reaction 
time was marginally slower than their normal counterparts. 
Finally, although oddball tasks in certain aspects capture those 
of RAN tasks as well as reading, such as rapid processing of stimuli, 
several critical factors might be absent and Chinese dyslexic children 
in our sample may instead be deficit in these respects. For instance, 
using optometric techniques, Larter, Herse, Jaduvilath and Dain (2004) 
investigated the importance of spatial factors related to eye saccades 
in predicting reading comprehension ages. They agreed that "reading 
requires the ability to fixate on the phrase being read, enabling 
processing of information, whilst maintaining spatial awareness of the 
position of the next phrase or line to direct the eyes to. The 
subsequent saccadic eye movement has to be fast and accurate to 
ensure fluency (p 447)." Spatial demand is present in both RAN and 
text reading as items and words are arranged in lines usually; unlike 
in the oddball task stimuli are presented one by one at the fixated 
location. In Larter et al.'s (2004) experiment, they included the 
Developmental Eye Movement (DEM) test, a test for saccadic eye 
movement efficiency, and variations of the RAN tasks (differing in 
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spatial demand and whether saccade is necessary) from the SeeRite 
Diagnostic Programme (SRDP). The three DEM tests are essentially 
digit RAN tasks. Each version differs in spacing between items or 
columns, and whether the participants read the items vertically or 
horizontally. In RAN pbdq, the four letters were presented discretely 
like that during oddball tasks, but reading out the letters as fast and 
accurately as possible requires high spatial demand to distinguish the 
letters; in RAN numbers, digits were also presented discretely; in 
fixed/ random horizontal saccade tasks, multiple digits are presented 
along horizontal locations, thus demanding higher spatial processing 
than RAN numbers. Their DEM and RAN results showed that the 
predictive power for reading performance was higher in tasks with 
higher spatial demands and more saccadic eye movements than those 
with less. Similar investigations on items layout of RAN tasks and 
differential relations with reading achievement of children with 
reading disability have also been conducted (e.g. Compton et al., 
2002). Spatial aspects, among other potential sources, might therefore 
underline the different discriminative accuracy between serial and 
discrete naming (Denckla & Cutting，as cited from Compton et al., 
2002; Wolf & Bowers, 1999). Ho and Lai (1999) involved both 
discrete rapid naming of Chinese characters and traditional serial 
rapid naming tasks for their dyslexic, CA and RL control children and 
found that both types of naming were impaired in dyslexic children, 
with different correlation patterns with various reading measures. 
Therefore, it may suggest that RAN performance may be hindered in 
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dyslexic individuals not because of (only) a slower processing speed 
in stimulus evaluation, but processes related to, for instance, saccadic 
eye movements or attention shifting, properties that singly presented 
stimulus stream used in oddball tasks may not be sensitive to. 
Paradigms examining the saccadic eye movements during 
rapid naming across lines of items would be informative on the 
influence of the spatial arrangement of items on naming speed. For 
other improvements on our oddball design, a simple way would be by 
varying the intertrial interval to discourage participants from reducing 
the anticipatory effect. On the other hand, we may try to enhance the 
need for orthographic processing of the items to see if the speed 
disadvantage during stimulus evaluation originates from linguistic 
processing. A tentative manipulation for the digit oddball would be: at 
the beginning of each experimental block, children hear a simple 
arithmetic question, with the answer (or the unit place of the answer) 
belonging to the RAN stimuli (2, 4，6，7 and 9). The answer will be 
used as the target stimuli in the oddball task. It is believed that the 
children will need to link the sound of the digit with the visual symbol 
in order to answer. Besides modifying the oddball task, more 
behavioural measures can be included to help disambiguate some of 
the possible explanations, such as do our dyslexic children show 
attentional or visual skill deficits? Do all or some of them possess 
these deficits that may affect their naming speed and therefore our 
ERP results? Last but not least, RAN tasks with the same number of 
items should be used, for example the original versions by Denckla 
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and Rudel. 
In conclusion, we investigated the source of slow RAN speed 
in dyslexic children in a Chinese sample. Our behavioral data 
suggested that the digit RAN task is the most effective version to 
distinguish Chinese dyslexic children from their age matched normal 
counterparts even at a relatively older age. Dyslexic children also 
detected digits in an oddball task in a more varied manner. This may 
be due to the lower level of mastery of automatization of digit naming 
in dyslexic than normal children. Although naming digits is rather 
fundamental in daily life, when the task is required to be done at a 
rapid rate dyslexic children may show a disadvantage in efficient 
executions of the various cognitive processes. Such effect may be 
amplified when the RAN task is adopted in Chinese due to their 
hypothetically close nature of arbitrary mapping of graphemes and 
sounds. On the other hand, the null ERP result suggested that Chinese 
dyslexic children might not show a slower visual stimulus evaluation 
process. Visual processing may be accomplished quite well in 
Chinese dyslcxic children and no longer interferes with rapid naming 
ability, as shown in normal Italian (also orthologically regular) young 
readers (Di Filippo et al., 2006). It should be noted that our oddball 
design is quite restricted to visual processing of the RAN stimuli thus 
does not tap deep into any linguistic aspects of the stimuli. It can be 
the insufficient sensitivity of our oddball tasks that prevents us from 
obtaining any difference; also our ERP result was obtained from a 
relatively small sample. Finally, a subtle deficit in stimulus evaluation 
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may indeed exist between the reader groups, but the prominent RAN 
disadvantage shown by dyslexic children could well be a cascading 
result of processing speed deficits at multiple processing stages, as the 
multiple deficits hypotheses attempts to depict. Theoretically we tend 
to omit the possibility of a visual processing deficit; empirically our 
data support the usefulness of the digit RAN task. 
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Appendix B. ERP grand averages for the letter oddball task. Blue line 
is CA. 
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Appendix C. ERP grand averages for the digit oddball task. Blue is 
CA. 
^ — — ^ I 
III IV . 
U ^ € 秀 
I, ... +• > »• ' S * 一 . 
. . . J … �� ^ 0 ^ = . … 
. � � 1 t 
« , » jt I » • 
^^ L L …1 … 
I i 
m 
CUHK L i b r a r i e s 
_ _ _ _ _ 
004433462 
